We analyze the absorption of a graphene nanoribbon placed into an optical cavity. We demonstrate the existence of strong coupling between the Van-Hove singularities in armchair graphene nanoribbons and the modes of optical cavity, and calculate the dispersion of the resulting hybrid eigenmodes of the structure. We demonstrate that the total absorption of the structure can be enhanced dramatically being tuned via the Fano resonance.
I. INTRODUCTION
Graphene is a two-dimensional lattice of carbon atoms that exhibits a wide range of unique electronic properties such as linear dispersion of charge carriers, Berry phase, and roomtemperature quantum Hall effect.
1-3 Beyond pure electronic properties, graphene attracts significant research interest due to its electromagnetic properties since the graphene layer can be described essentially as a two-dimensional current which can support highly localized surface electromagnetic waves-surface plasmon polaritons. Surface plasmons excited at individual graphene sheets have been extensively studied both theoretically [4] [5] [6] [7] [8] [9] [10] and experimentally. 11, 12 Graphene surface plasmons are excited in the THz frequency range which is extremely important for biomedical and security applications, 13 therefore the field of graphene plasmonics 14 is rapidly growing. While graphene plasmonics is also very promising for optoelectronic applications, it inherited a number of serious restrictions from conventional plasmonics. These are the inevitable Joule losses and other damping mechanisms 15 leading to smaller plasmon propagation lengths and associated difficulties with the excitation of surface plasmon polaritons. Moreover, a single-atom thickness of graphene restricts its ability to absorb or emit light, limiting the performance of prospective optoelectronic devices.
A prominent approach for controlling graphene properties is based on the use of narrow graphene stripes, or nanoribbons. One of the useful properties of the graphene nanoribbon, as compared to planar graphene, is its ability to behave as a semiconductor whose band gap can be tuned in a wide frequency range without any additional strain or an external potential. Additionally, it has been shown experimentally that a graphene layer placed in a planar cavity can significantly increase the light-matter interaction and the performance of the graphene-based transistors 16, 17 and photodetectors. 18, 19 As was shown for one-dimensional semiconductors placed in a resonator, a strong coupling may occur between interband transitions and optical cavity modes. 20 Here we employ this idea for graphene and study the properties of hybrid eigenmodes of a narrow graphene nanoribbon placed into an optical cavity. In this article we suggest a novel approach for graphene optoelectronics based on the physics of graphene nanoribbons in an optical cavity. We show that this system supports hybrid modes in the THz and far-IR frequency ranges which can be excited electrically. We observe that the interaction of cavity modes with interband transitions results in the characteristic Fano-like shape of the absorption spectrum giving rise to a way for controllable and enhanced absorption of graphene.
II. HYBRID STRUCTURE AND INTERACTIONS
We consider the structure shown schematically in Fig. 1(a) ; it contains a graphene nanoribbon placed in an optical cavity. The energy spectrum and wave functions of electrons in the nanoribbon were studied previously by the authors of Ref. 21 , and the band diagram of the armchair nanoribbon of the width of 9 nm is shown in Fig. 1(b) . In what follows, we consider only the armchair nanoribbon since for zigzag nanoribbons the depolarization effects are much stronger and the absorption peaks are wider, and thus strong coupling effects are suppressed.
Due to a finite width of the nanoribbon, the wave-vector component perpendicular to the axis of nanoribbon is quantized, and it can be written as
where a 0 is the interatomic spacing, W is the nanoribbon width, and n is an integer. If W = (3M + 1)a 0 , where M is an integer, there appears a subband where k n vanishes; the dispersion equation of this subband is given by
In Eq. (2), s is the band index which is s = +1 for electrons and s = −1 for holes, k y is the electron wave vector along the nanoribbon, and γ is the hopping energy for the electrons which is approximately equal to 3 eV. Below we consider the nanoribbon with the width W = (3M + 2)a 0 since we are interested in the absorption peak at the band edge. The band structure is characterized by the gap E G [see Fig. 1(b) ],
We choose M = 20 which corresponds to the nanoribbon of the width W = 62a 0 = 9 nm. For this nanoribbon, the band gap is 0.2 eV which is approximately 50 THz. The Hamiltonian of the nanoribbon is given by a (4 × 4) matrix
Next, we introduce a bare interband polarization of a nanoribbon. We account only for the vertical transitions since the light wave vector is much less than the electron wave vectors. Polarization is calculated via the Fourier transformation of the Green's functions, and a summation runs over the Matsubara frequencies. 22, 23 The final expression for the polarization can be written as
where f h , and f e are the Fermi distribution functions, ε 1 is the energy of the first subband, τ is the electron scattering time (which we set below to 1 ps), and L y is the length of the nanoribbon. Absorption is proportional to the imaginary part of the polarization. Due to the one-dimensional nature of the effective geometry, the density of states has a peak 1/ √ E − E G close to the band edge that corresponds to a Van-Hove singularity. 20 For a nanoribbon placed in an optical cavity, the mode coupling becomes strong leading to a substantial absorption enhancement. Following the authors of Refs. 20 and 23, we introduce the propagator of the cavity photon in the following form:
where ω cav (q) is the dispersion of the cavity mode and γ cav is the damping of the cavity mode. The full polarization of the system then can be presented in the following form:
Here g is the light-matter coupling constant which is equal to the dipole transition matrix element, and the electric field is normalized to the energy of one photon. The dipole matrix elements have been calculated by the authors of Refs. 21 and 24, and for our case the dipole matrix element is given by
where A 0 is derived from the normalization condition
where R is an effective radius of the optical cavity. We use such a simplified form of the dipole matrix element (7) since the main contribution to the polarization (4) comes from the electron transitions close to the band gap and thus small in-plane momenta. Expression (7) is obtained as a limiting case for the value of the matrix element for vanishing in-plane momenta. Here we consider the cavity eigenmode which has the component of the electric field parallel to the ribbon since the interband absorption threshold frequency for the perpendicular polarization is slightly blue-shifted (E g ≈ 0.3 eV) due to different selection rules, 24 and we can neglect the intraband absorption if the Fermi energy lies in the band gap.
The condition for a strong coupling can be simplified to the following:
which can be easily achieved for realistic nanoribbons with g of the order of 1 meV, and the difference of γ cav andh/τ can be made arbitraryily small. Finally, we study the conventional absorption in our hybrid cavity-nanoribbon system. To calculate the absorption, we multiply our result for the polarization by the dimensional constant χ given by
The absorption map is shown in Fig. 2(a) . In the modeling, we consider a cylindrical cavity with the ground state energy of 0.18 eV which corresponds to R ≈ 2.5 μm. We observe that for small wave vectors two absorption peaks appear: a low-energy narrow peak [see Fig. 2(b) ] corresponding to a cavity mode and a wide-peak corresponding to the Van-Hove singularity in the nanoribbon. We then observe the anticrossing behavior between these two resonances at k y a 0 ≈ 7 × 10 −5 . After the anticrossing point, one of the modes still corresponds to the absorption peak, whereas the other mode yields a transmission maximum with a relatively narrow dip in the absorption. The dispersion of the eigenmodes of the system that correspond to the zeros of the denominator in Eq. (6) is shown with white dashed lines in Fig. 2(a) .
III. FANO RESONANCE
A dip in the absorption spectrum observed for the cavity mode frequencies equal to or larger than the energy band gap resembles the shape of the Fano resonance. 25 In our problem, the Fano resonance originates from an interference between a wide interband polarization and a narrow cavity mode resonance. To verify our assumption, below we derive an analytical expression for the total absorption in the hybrid cavity-nanoribbon system and compare it to the conventional Fano formula.
To derive the Fano formula for the total absorption, first we assume that the cavity-mode frequency is positively detuned from the band gap, and thus the interband polarization is effectively frequency independent in the vicinity of the cavity-mode resonance. Thus, the interband polarization can be written as 0 = P e iφ , where P and φ are the polarization amplitude and phase, respectively. In the vicinity of the cavity resonance, the propagator of the cavity mode can be presented as
where δ = (ω − ω cav )/γ cav is a relative detuning from the resonance frequency. We then substitute the simplified interband and cavity polarizations into Eq. (6), and derive an analytical result for the total absorption α,
where P = g 2 P /γ cav denotes the strength of the coupled resonance. Taking the derivative of Eq. (12) over δ, we find the extremum points of the total absorption δ 1,2 ,
and the values of the total absorption at the extremum points α 1,2 :
We observe that in the vicinity of the band-gap frequency the real part of the interband polarization is negative, and since the imaginary part is always positive, the condition cot φ, tan φ < 0 is satisfied. This means that δ 1 is blue-shifted from the cavity resonance and δ 2 is red-shifted. Moreover, when we consider the noninteracting case with g = 0, the values of absorption in both extremum points are identical and equal to Im 0 , as can be easily seen from Eqs. (14) and (15) . However, when we take into account the coupling, and if the cavity is characterized by a high-quality factor such that P 1, then the extremum point δ 1 corresponds to a dip in absorption where the absorption is suppressed byP sin φ, and the extremum point δ 2 corresponds to a peak in the absorption where it is increased by 1/ sin 2 φ. In Fig. 3 , we compare the analytical model for absorption to the numerical results. The parameters are γ x = 10 meV, γ c = 0.1 meV, g = 1 meV, and ω cav = E G = 0.2 eV. To observe the predicted effects, we need a reasonably high-quality cavity with the quality factor around 10 3 . In this case, the analytical approximation exhibits a good agreement with the numerical results.
Finally, we would like to mention that several other manybody effects may occur in this hybrid cavity-nanoribbon structure, such as the interaction of the excitons of the nanoribbon with cavity modes. Excitonic properties of nanoribbons have been studied in several works. 26, 27 In particular, a simple relation between the exciton binding energy and the armchair nanoribbon width has been obtained in the form
where E b is the exciton binding energy (in eV) and W is the ribbon width (in nm). For the considered nanoribbon with the width of 9 nm, the binding energy is equal to 0.12 eV, which corresponds to the ground exciton energy of 80 meV. Two points should be mentioned here. First, the binding energy is significantly larger than that of the excitons in conventional semiconductor quantum wells, and it is larger than the room temperature thermal energy of 26 meV; this means that the excitonic effects can be observed at room temperature. While the excitonic condensation effects are hardly expectable in this one-dimensional structure, this system could benefit from the fact that a ratio of the exciton frequency and the light-matter coupling parameter g is much less than that in conventional semiconductor quantum wells. This means that the effects of ultrastrong coupling 28 can be observed in our hybrid system, for which the conventional Jaynes-Cummings model is not applicable, and many new quantum electrodynamics effects may exist.
IV. CONCLUSION
We have revealed the existence of strong light-matter interaction between photonic modes of the one-dimensional optical cavity and interband transitions in the graphene nanoribbon. We have described the anticrossing effect for the eigenmodes of the hybrid system characterized by a Fano-like resonance. We have noticed that the coupling of nanoribbon excitons to optical cavity modes can lead to a number of unconventional phenomena in the ultrastrong coupling regime.
